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After the onset of Epstein-Barr virus DNA and protein synthesis 10 h after
superinfection of Raji cells (a cell line containing Epstein-Barr virus DNA but not
producing virus), filamentous structures 25 nm in diameter and 0.2 to 1.4 ,um in
length could be detected in the cell cytoplasm by electron microscopy. These
structures banded in metrizamide gradients with viral DNA and proteins, but at a
density different from that of virions or nucleocapsids. These filaments, enriched
in a 155,000-dalton protein similar in size to a major nucleocapsid protein of
Epstein-Barr virus, may represent intermediates in viral nucleocapsid assembly.
The interaction of Epstein-Barr virus (EBV)
with B-lymphoblastoid cell lines has been stud-
ied in detail and exhibits several strikingly differ-
ent patterns of virus development. In cell lines
such as P3HR-1 (14), a lytic cycle occurs with
the production of virus containing a linear form
of double-stranded DNA (28). Other established
cell lines, such as Raji, contain multiple copies
of the EBV genome (25), but normally do not
produce virus particles. In Raji cells, all of the
viral genomes are present as circular, superheli-
cal molecules (1, 20) and exhibit a regular micro-
coccal nuclease digestion pattern typical of the
host cell chromatin (32). Superinfection of Raji
cells with EBV results in an abortive process
involving the synthesis of several thousand
copies of viral DNA per cell (33) and the induc-
tion of virus-specific proteins (10), but the re-
lease of only a few mature virions (31, 36). As in
the virus-producing cell lines, the viral nucleo-
proteins produced during this superinfection are
not organized into nucleosome-like structures
when examined by micrococcal nuclease diges-
tion (32).
In an effort to search for viral nucleoprotein
complexes under these different conditions of
infection, we used electron microscopy and me-
trizamide density banding. With these tech-
niques, we identified filamentous structures (FS)
that are unique to EBV-infected cells actively
synthesizing viral components, such as superin-
fected Raji cells and the P3HR-1 producer cells.
These FS were not found in the virus-nonpro-
ducing Raji line.
MATERIALS AND METHODS
Cell lines and virus. The B-lymphoblastoid cell lines,
Raji (29) and P3HR-1 (14), were maintained at 2 x 105
to 1 x 106 cells per ml by dilution in RPMI 1640
medium containing 10% fetal calf serum (33). [3H]thy-
midine and [35S]methionine, both at 10 ,uCi/ml, were
added to the cell media to label nucleic acids and
proteins, respectively. For specific labeling of viral-
induced products, label was added at 10 h postinfec-
tion (2, 33). For inhibition of viral DNA replication,
acyclovir (ACV) (100 ,uM) was added to the cells at 1 h
postinfection (7).
Extracellular virus was prepared from P3HR-1 cells
induced with 12-O-tetradecanoylphorbol-13-acetate
(19) and was used for superinfection as described
previously (33). Before analysis by metrizamide gradi-
ents, virus pelleted from the supernatant of P3HR-1
cells was further purified by banding in sucrose.
Nucleocapsids were prepared by treatment of partially
purified virus with detergent (9).
Preparation of cell lysates. Cells (1 x 106 to 5 x 106)
were pelleted at 2,000 rpm for 5 min and suspended at
OC in 0.1 to 0.5 ml of 0.1 mM potassium borate buffer
(pH 9). The cell suspension was diluted 10-fold with a
solution of 0.25% Joy detergent (Procter and Gamble)
containing 5 mM EDTA and 0.1 mM borate (pH 8.6),
and the cells were lysed by swirling them gently on ice
for 5 to 10 min. For electron microscopy, the solution
was again diluted 5- to 10-fold with 0.1 mM borate
buffer (pH 8.6) containing 5 mM EDTA. Samples were
further processed by the chromatin spreading tech-
nique of Miller and Bakken (22). For metrizamide
gradient analysis, the cell lysate was sonicated at 0°C
for 3 s; brought to 0.15 M NaCI, 10 mM MgC92, 10 mM
Tris-hydrochloride (pH 7.8), and 3% (wt/vol) metriza-
mide; and layered directly onto the metrizamide gradi-
ent.
Electron microscopy. For examination of cell chro-
matin, cell lysates were mounted on carbon-coated
grids by the procedure of Miller and Bakken (22), and
the grids were rotary shadowed with tungsten (13). For
electron microscopic analysis of metrizamide gradi-
ents, samples from each fraction were fixed with 0.6%
glutaraldehyde in 0.02 M sodium phosphate (pH 7.6)
for 15 min on ice. Samples were mounted on grids and
tungsten shadowed as described previously (13). FS
were quantitated by direct counts from these grids.
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For negative staining, samples from the metrizamide
gradient were adsorbed for 1 min onto charged, car-
bon-coated grids. The grids were rinsed thoroughly
with water, stained with uranyl acetate for 10 s, and
blotted dry.
To prepare material for thin sections, cells were
pelleted onto Millipore filters, fixed with 2% glutar-
aldehyde in 0.01 M sodium cacodylate (pH 7.4), and
then fixed with 2% osmium tetroxide. The preparation
was then stained with 1% uranyl acetate, dehydrated,
and embedded in Epon (21).
Metrizamide gradient analysis. Metrizamide gradi-
ents (10 to 60% [wt/vol] in 10 mM Tris-hydrochloride
[pH 7.5] with 1 mM EDTA) were overlaid with 1 ml of
the cell lysate and centrifuged for 3 h at 35,000 rpm in a
Beckman SW41 rotor at 4°C. After centrifugation 0.5-
ml fractions were collected from the bottom of the
tube.
Equilibrium centrifugation of DNA on CsCl. Samples
were deproteinized for 1 to 2 h at 37°C by digestion
with 0.15% pronase in 1% Sarkosyl-25 mM Tris-
hydrochloride (pH 8.6)-lOmM EDTA. After digestion,
32P-labeled EBV DNA marker was added, and the
samples were diluted to 7 ml with 50 mM Tris-
hydrochloride (pH 8.0). Solid CsCl (8.75 g) was dis-
solved in each 7-ml sample, and then the samples were
centrifuged in a Beckman T40 rotor at 37,000 rpm for
48 h at 20°C as described previously (33). The gradi-
ents were analyzed after centrifugation for the pres-
ence of 3H- and 32P-radionuclides at the buoyant
densities of viral (1.718 g/ml) and cellular (1.700 g/ml)
DNAs.
Gel electrophoresis. Proteins were analyzed by slab
polyacrylamide gel electrophoresis with 7.5% gels by
the method of Laemmli (18). Gels were prepared for
fluorography (5) and exposed at -70°C to X-ray film.
RESULTS
Visualization of FS in whole-cell lysates. To
search for possible differences in chromatin
structure, whole cell lysates of P3HR-1 cells,
mock-infected Raji cells, and superinfected Raji
cells were prepared for electron microscopy by
the Miller spreading technique (22). Whole-cell
lysates rather than isolated nuclei were used for
two reasons. First, this method gives better
preservation of chromatin structure (0. L.
Miller, personal communication), and second,
nuclei of EBV-superinfected cells lyse easily,
making clean fractionation of the nuclei and
cytoplasm very difficult.
Chromatin from each cell preparation exhibit-
ed the beaded nucleosomal arrangement typical
of eucaryotic cells (Fig. la). In the superinfected
Raji cells only, large aggregates of structures
resembling rods or filaments were also observed
(Fig. lb). These FS had a constant diameter of
25 nm but varied in length from 0.2 to 1.4 pm.
Because total cell lysates were used, it was not
possible to determine the intracellular location
of the FS by this procedure.
Intracellular location of FS. The intracellular
location of FS was determined by thin-section
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electron microscopy. FS were found in the su-
perinfected Raji and the P3HR-1 cells, but not in
mock-infected Raji cells, and were usually ar-
ranged in bundles in the cytoplasm (Fig. 2a).
Striations, similar to those observed by Oda and
Mori (26) in cells infected with herpes simplex
virus, could be seen in some sections of the FS
(Fig. 2a, arrows). The FS had an outer diameter
of 22 nm and a central core 9 nm in diameter
(Fig. 2c). Mature virions were observed in many
of the superinfected cells containing FS (Fig.
2b). Unusual double-unit membranes, resem-
bling those reported previously in EBV-infected
cells (12) or in cells infected with non-A non-B
hepatitis virus (34), were also common in the
superinfected cells (Fig. 2b).
Isolation of FS by metrizamide gradient centrif-
ugation. Metrizamide, a nonionic buoyant densi-
ty medium which allows separation of nucleo-
protein complexes without prior fixation, was
used to purify FS from other cell components
and chromatin. Gradient profiles of radioactive
labels incorporated into DNA and protein of Raji
cells before and after superinfection are com-
pared in Fig. 3.
FS were observed by electron microscopy in
the lower half of both gradients of superinfected
cell preparations (arrows, Fig. 3B and C) but
were not present in Raji cells before infection
(Fig. 3A). The greatest number of FS banded at
fraction 9, at a density of 1.22 g/ml. (The relative
abundance of FS is indicated by the length of the
arrow at each fraction). Labeled host cell chro-
matin banded near the top of the gradient (frac-
tions 18 to 21) in mock-infected (Fig. 3A) and
superinfected (Fig. 3B) cells. Most of the labeled
viral DNA also remained in this region of the
gradient (Fig. 3C).
Virions and nucleocapsids prepared by deter-
gent treatment were centrifuged in metrizamide
under the same conditions as for FS, and their
positions in the gradient are indicated in Fig. 3C.
Virions banded several fractions higher in the
gradient than did the peak fractions of the FS,
whereas nucleocapsids banded several fractions
lower and at a position corresponding to the
small peak of labeled viral DNA in Fig. 3C.
The FS isolated by metrizamide gradient cen-
trifugation (Fig. lc) were identical in appearance
and diameter (25 nm) to those observed with the
Miller chromatin spreading technique (Fig. lb).
When purified FS were negatively stained with
uranyl acetate (Fig. ld), the outer and central
core diameters were 18 and 3 nm, respectively,
and therefore were smaller than those deter-
mined from thin-section analysis (Fig. 2c).
FS were not observed in metrizamide gradi-
ents of mock-infected Raji cells (Fig. 3A). Metri-
zamide gradient analysis of lysates of P3HR-1














FIG. 1. (a) Direct visualization of chromatin from a lysate of mock-infected Raji cells prepared by the Miller
spreading technique and tungsten shadowed. Bar = 400 nm. (b) Direct visualization of FS from a lysate of
superinfected Raji cells prepared by the Miller spreading technique and tungsten shadowed. Bar = 250 nm. (c)
FS recovered from a metrizamide gradient and tungsten shadowed. Bar = 250 nm. (d) Negative stain of FS from
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FIG. 2. Thin-section electron microscopy of superinfected Raji cells at 48 h after infection. (a) FS in the
cytoplasm of superinfeced cells. The arrows mark the fine striations seen in some sections. (b) Mature virions(lrearrows) and double-unit membranes (small arrow) in superinfected cells. (c) Cross section of a bundle of
filamentous structures. Bar = 200 nm.
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ed Raji cells, although the number of FS in the
virus-producing cell line was approximately 10-
80 * A fold lower than that found in superinfected cul-tures, when equivalent numbers of cells were
compared. These results with the P3HR-1 cul-
ture, in which approximately 5% of the popula-
60C . 6tion is actively producing virus, demonstrated
that the metrizamide gradients could concen-
trate low quantities of FS, which were not
detectable in P3HR-1 cells by the direct visual-
40 ization technique.
To examine the time course of FS appearance,
superinfected Raji cells were harvested at 5, 10,
20 18, 24, 36, and 48 h after infection. Total celllysates were sedimented through metrizamide,
and the gradient fractions were examined by
electron microscopy. A few FS were detectable
in superinfected cells at 10 h, but FS were most
B abundant at 18 h after infection (Table 1). The
number of FS declined at later times.
2.0- 40 DNA and protein composition of FS recovered
from metrizamide gradients. Because FS could
be isolated by metrizamide gradient centrifuga-
0 1.5 l 30 Q tion, a preliminary characterization of the DNA
x l x and proteins of these structures was possible.
E DNA in superinfected Raji cells was labeled at
to.1 20 10 to 24 h postinfection, and the FS from these
-cells were banded in metrizamide An analysis of
XFS 1. the labeled DNA from the FS-containing regions
0.5 111114l10 of the gradient by isopycnic centrifugation in
CsCl showed that it was EBV DNA, since it
banded exactly with 32P-labeled EBV marker
DNA (Fig. 4) at the characteristic buoyant den-
C sity of 1.718 g/ml. DNA from mock-infected Raji
cells was mixed with 32P-labeled EBV DNA and
20 . i.. 0.5 banded in CsCl on a separate gradient. The 3H-
labeled DNA profiles of both gradients are plot-
ted together in Fig. 4 after alignment of the
5 . 04 profiles of 32P-labeled EBV marker DNA. These
results demonstrated that the DNA labeled dur-
N v 0.3 ing superinfection and recovered in FS did not
* . band with host DNA.
FS 1 . o 2 Superinfection results in the shutdown of host
I, 1^ i protein synthesis and the subsequent appear-
ance of viral-induced polypeptides (10). Proteins
TABLE 1. Appearance of FS during superinfection
of Raji cells
Fraction
FIG. 3. Metrizamide gradient profiles of DNA and
protein. (A) Mock-infected Raji cells. (B) Superinfect-
ed Raji cells, labeled for 24 h before infection and
harvested at 36 h postinfection. (C) Superinfected Raji
cells, labeled at 10 h postinfection and harvested at 36
h postinfection. 0 [3H]thymidine; 0, [35S]methionine;












a One grid (400 mesh) square is equivalent to 1,500
LM2.
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FIG. 4. Comparison of the buoyant density of
[3H]thymidine-labeled DNA whcih bands with FS on
metrizamide gradients (0) with that found in mock-
infected Raji cells (0). The arrow marks the position
of 32P-labeled EBV DNA (1.718 g/ml), which was
included in each gradient. FS were obtained from
superinfected Raji cells at 24 h postinfection.
labeled at 36 to 48 h after infection were recov-
ered from a metrizamide gradient, such as the
one shown in Fig. 5, and analyzed by polyacryl-
amide gel electrophoresis (Fig. 6). The fractions
containing FS (fractions 8 to 10, Fig. 5) were







FIG. 5. Metrizamide gradient profile of superin-
fected Raji cells labeled with [35S]methionine (0) and
[3H]thymidine (-) at 10 h postinfection and harvested
at 48 h postinfection. Fractions containing FS are
marked with arrows. Nucleocapsids band at fraction 6.
polypeptide (Lane d, Fig. 6). This particular
pattern of enrichment was not found in other
regions of the gradient such as fraction 6 (Lane
e, Fig. 6), which is the region corresponding to
the banding position of nucleocapsids (Fig. 3C).
Although it is suggested by these results that
EBV-specific polypeptides are components of
FS, further purification is required to establish a
specific association. It is not known whether the
)Host cell components of FS include host cell DNA andproteins which are not labeled significantly 36 to
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FIG. 6. Polyacrylamide gel analysis of proteins re-
covered from mock-infected and superinfected Raji
cells. (a) Total cell lysate of mock-infected Raji cells.
(b) Total cell lysate of superinfected Raji cells labeled
with [35S]methionine at 10 to 48 h postinfection. (c)
Labeled proteins from fraction 20 (see Fig. 5). (d)
Labeled proteins from fractions 8 to 10 (see Fig. 5). (e)
Labeled proteins from fraction 6 (see Fig. 5). The




FILAMENTOUS STRUCTURES IN EBV-INFECTED CELLS 311
Effect of ACV on the appearance of FS. ACV
inhibits EBV DNA synthesis in superinfected
Raji cells but does not release the virus-induced
block of cellular DNA replication (7). When
ACV was added at 1 h after superinfection and
left throughout the infectious cycle, the incorpo-
ration of label into total DNA was reduced by
approximately 50% compared with that of a
drug-free culture of infected cells. Thus, a signif-
icant number of cells in the culture had been
infected with virus. The synthesis of the 155K
polypeptide was also partially inhibited in the
superinfected culture exposed to ACV, in agree-
ment with previous findings (11), and there was
a 50% reduction in the number of FS. These
results suggest that FS are composed of late
virus proteins, since the expression of late virus
functions requires the synthesis of viral DNA.
DISCUSSION
After the onset of viral DNA and protein
synthesis, FS appear in the cytoplasm of Raji
cells superinfected with EBV. An analysis of FS
isolated by banding in metrizamide suggests that
they contain viral DNA and proteins. We have
attempted equilibrium banding of FS as a meth-
od of purification, but the purity of the FS by
this procedure was unacceptable. Velocity sedi-
mentation through preformed gradients has been
the most effective method of obtaining large
quantitites of FS. Attempts to pellet and reband
FS a second time on metrizamide have resulted
in a 10-fold or greater loss of these structures.
FS resemble the dense bundles of hollow
tubules observed in thin sections of superinfect-
ed Raji cells by Seigneurin (31) and may be
related to the cytoplasmic crystals which are
present in Burkitt somatic cell hybrids express-
ing late EBV functions (12). Structures similar in
morphology and diameter have been found in
the nuclei of herpes simplex virus type 2-infect-
ed cells, but not in herpes simplex virus type 1-
infected cells (8, 30, 37). Tubular aggregates are
also present in the nucleus and cytoplasm of
guinea pig cells infected with an endogenous
herpesvirus and are often found in the region of
nucleocapsid formation (3). Tubular structures
appearing in herpes simplex virus type 2-infect-
ed cells have been isolated by sucrose gradient
centrifugation (26), and negative staining and
optical diffraction analysis demonstrate that
these have a helical assembly of subunits (17).
Although FS are characteristic of some her-
pesvirus infections, their biological significance
is not known. They may function as intermedi-
ates in viral replication and assembly. In recent
studies with herpes simplex virus type 2, low
concentrations of compounds which inhibit viral
DNA and late protein synthesis cause an accu-
mulation of FS with a concurrent decrease in
production of virus (15, 27). High concentrations
of these antiviral compounds completely inhibit
the appearance of FS and virus. When these
antimetabolites are removed, the FS decrease in
number, and virus particles reappear. In the
present study, we showed that an inhibitor of
EBV DNA synthesis (ACV) reduces the number
of FS in superinfected Raji cells.
Superinfection of Raji cells with EBV results
in abundant production of viral DNA and virus-
induced proteins. Yet, this is only a semipermis-
sive infection, yielding small amounts of mature
virus when high multiplicities of infection are
used (31, 36). Most of the EBV DNA produced
during superinfection is found in the nucleus but
is not organized into nucleosomes (32). It is
sensitive to DNAse digestion (33) yet is not
susceptible to the viral-induced nuclease which
fragments cell chromatin (6), and it may be
protected by a unique nucleoprotein structure.
FS are located primarily in the cytoplasm, and
the bulk of the viral DNA in superinfected Raji
cells does not cosediment with FS. These find-
ings indicate that FS afe probably not the major
form of viral nucleoprotein.
In superinfections of Raji cells, the appear-
ance of FS correlates with the onset of viral
DNA and viral protein synthesis beginning 10 h
after infection. FS and virions are often present
in the same cells. A major component of FS
preparations is the 155K protein, which is simi-
lar in size to one of the major nucleocapsid
proteins of EBV (9). This polypeptide first ap-
pears at 9 h postinfection, with maximum pro-
duction occurring at 15 to 17 h postinfection (10,
11), corresponding to a time when most FS are
observed. At this time, the synthesis of the
155 K protein is blocked by inhibitors of EBV
DNA replication (11). A protein of similar size
and sensitivity to inhibitors has also been report-
ed by others to appear at intermediate times (9 to
12 h) after superinfection of Raji cells (4) and
NC37 cells (23) and has been observed in N-
butyrate-treated, but not in iododeoxyuridine-
treated, P3HR-1 producer cells (16). By immu-
noprecipitation studies, it was demonstrated
that the virus capsid antigen complex of EBV
contains a 150K nucleocapsid protein (24, 35),
and this antigen is expressed in superinfected
Raji cells (2, 31).
Experiments involving side-by-side compari-
sons of purified virion and FS polypeptides
would be necessary to establish that the major
component of FS is indeed a virus capsid pro-
tein. If this is the case, FS may represent
intermediates in viral nucleocapsid assembly
which are normally rapidly processed but accu-
mulate in the semipermissive superinfected cells
because of a bottleneck in the maturation se-
quence. Alternatively, they could be aberrant
VOL. 43, 1982
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structures which condense from saturated pools
of nucleocapsid protein because the normal as-
sembly pathway is blocked. Further studies will
be necessary to clarify the relationship of these
FS to the infectious process.
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